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Abstract
As a candidate waveform for next-generation wireless communications, generalized frequency
division multiplexing (GFDM) features several decent properties which make it promising. In this paper,
we systematically overview the research about GFDM. We start with GFDM transceivers with their main
components, which consist of prototype filter design, low-complexity transceiver implementation, and
symbol detection algorithms. Then, we investigate a couple of non-ideal issues of GFDM, including syn-
chronization issues, channel estimation, and in-phase/quadrature (I/Q) imbalance compensation. Lastly,
we study the applications of GFDM-based cognitive radio and full-duplex radio which boast of a high
spectral efficiency.
Index Terms
Generalized frequency division multiplexing (GFDM), transceiver structure, non-ideal issue, cog-
nitive radio, full-duplex radio
I. INTRODUCTION
Generalized frequency division multiplexing (GFDM) [1] is a promising candidate waveform
for next-generation wireless communications, featuring several advantages such as low latency,
low peak-to-average ratio (PAPR), low out-of-band (OOB) emission and low adjacent channel
leakage ratio (ACLR), and relaxed requirements of time and frequency synchronization [2].
With a flexible transceiver structure, GFDM boasts of a high degree of freedom for transmitter
and receiver design. Therefore, GFDM is applicable to a variety of scenarios and its parameters
can be adapted to meet the requirements of specific services. In addition, there is abundant low-
complexity implementation of GFDM transceivers, which are hence practical from an economic
perspective, and various algorithms can be applied to the GFDM receiver, where the complexity
is further reduced while maintaining an allowable performance.
In real-world applications, there are a couple of non-ideal issues that affect the performances
of GFDM. However, thanks to its flexible structure, plenty of techniques can be adopted for
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Figure 1: Organization of GFDM overview in this paper.
GFDM and help with the evaluation and compensation of the adverse effects caused by these
issues.
Because of its decent properties, GFDM is suitable for a large number of applications. Among
all potential applications, cognitive radio and full-duplex radio are of great interest due to their
high spectral efficiency, which help address the scarcity of bandwidth resources. Accordingly,
GFDM-based cognitive radio and full-duplex radio are considered an appealing solution to
spectrum management in next-generation wireless communications.
In this paper, we provide a systematic overview of GFDM with the following topics (as
summarized in Fig. 1):
• GFDM transceiver: We briefly review the system model of GFDM. Besides, we study
the important components of GFDM transceivers, including prototype filter design, low-
complexity transceiver implementation, and symbol detection algorithms.
• Non-ideal issues: We investigate the effects and possible solutions of several non-ideal is-
sues of GFDM, including synchronization issues, channel estimation, and in-phase/quadrature
(I/Q) imbalance compensation.
• GFDM-based cognitive radio and full-duplex radio: We introduce the applications
of cognitive radio and full-duplex radio and discuss about the research of GFDM-based
cognitive radio and full-duplex radio.
3The remainder of this paper is organized as follows. Sec. II introduces GFDM transceivers
and their essential components. The non-ideal issues of GFDM are investigated in Sec. III. In
Sec. IV, we study GFDM-based cognitive radio and full-duplex radio. Finally, Sec. V concludes
the paper.
Notations: Boldfaced capital and lowercase letters denote matrices and column vectors, re-
spectively. We use 〈.〉D to denote the modulo D. We adopt the MATLAB subscripts : and a : b to
denote all elements and the elements ordered from a to b, respectively, of the subscripted objects.
Given a vector u, we use [u]n to denote the nth component of u and diag(u) the diagonal matrix
containing u on its diagonal. Given a matrix A, we denote [A]m,n, AT , and AH its (m, n)th
entry (zero-based indexing), transpose, and Hermitian transpose, respectively. We define 0q to be
the q × 1 zero vector, and Wq the normalized q-point discrete Fourier transform (DFT) matrix
with [Wq]m,n = e
−j2pimn/q/
√
q, q ∈ N.
II. GFDM TRANSCEIVER
Figure 2: GFDM system model.
GFDM is a block-based multicarrier communication scheme as shown in Fig. 2 [2]. Each
GFDM block employs K subcarriers, with each transmitting M complex-valued subsymbols,
and therefore a total of D = KM symbols are transmitted within one block.
For a GFDM block d ∈ CD, its mth subsymbol on the kth subcarrier [d]k+mK is pulse-shaped
by a vector gk,m, whose nth entry is [gk,m]n = [g]〈n−mK〉De
j2pikn/K , n = 0, 1, ..., D − 1,m =
0, 1, ...,M − 1, k = 0, 1, ..., K − 1, where g ∈ CD is called the prototype filter [2]. Let
A = [g0,0...gK−1,0 g0,1...gK−1,1 ... g0,M−1...gK−1,M−1] (1)
be the GFDM transmitter matrix [2] and x = Ad be the transmit sample vector, whose nth
entry is
[x]n =
K−1∑
k=0
M−1∑
m=0
[d]k+mK [g]〈n−mK〉De
j2pikn/K . (2)
4Then, the vector x passes through parallel-to-serial (P/S) conversion and is further added a cyclic
prefix (CP) of length L, generating a GFDM digital baseband transmit signal x[n].
Consider an N -tap wireless channel, which is a causal linear time-invariant (LTI) system with
impulse response h[n], where h[n] = 0, n < 0 or n > N − 1. Accordingly, the baseband receive
signal is y[n] = h[n] ∗ x[n] + w[n], where w[n] is the complex additive white Gaussian noise
(AWGN) with variance N0. Denote h = [h[0]h[1]...h[N −1]]T and w = [w[0]w[1]...w[D−1]]T .
Note that the combination of a CP and a linear convolution with a frequency-selective multipath
channel can be modeled as a circular convolution [3]. Specifically, after CP removal and serial-
to-parallel (S/P) conversion, the receive sample vector is obtained as
y = Hx+w = HAd+w =WHDdiag(WDAd)FNh+w, (3)
where FN = [
√
DWD]:,1:N , and H ∈ CD×D is the circulant matrix whose first column is
[hT 0TD−N ]
T .
Finally, the estimated GFDM block dˆ is obtained after the demodulation process, which varies
depending on the target applications.
A. Prototype Filter Design
For GFDM, the prototype filter g determines the characteristics of the transmitter matrix A.
With the emergence of various services in a heterogeneous network, prototype filter design is
critical in constructing a transmitter that meets the requirements of quality of service (QoS).
Classic prototype filters include the raised cosine (RC) filter featuring low inter subsymbol
interference (ISI) [2] and Dirichlet filter (with its variants) causing no inter subcarrier interference
(ICI) [4], [5]. Over the past years, a variety of prototype filter design schemes have been proposed
based on different considerations.
From an analytical perspective, the conditional number of a transmitter matrix is of great
interest. Specifically, the conditional number is related to the singularity [6], which affects
the error rate, and noise enhancement factor (NEF) [7], which indicates the level of noise
enhancement, of a transmitter matrix.
When it comes to the radio resource allocation, the OOB radiation, which is related to ACLR
and evaluates the energy leak experienced by the outer frequency band in terms of the power
spectral density (PSD), becomes a main concern.
Considering the circuit implementation, one of the main focuses is the PAPR, which is defined
as PAPR(x) = (max
n
|[x]n|2)/(
∑D−1
n=0 |[x]n|2/D) ≥ 1 for a transmit sample vector x. A larger
PAPR implies that the transmit samples are more subject to the distortion caused by a power
amplifier (PA).
Another practical concern is the transmission rate, which determines the number of symbols
transmitted within a fixed time period.
5In the existing literature, [8] and [9] propose their design based on the conditional number,
adopting a frequency shift technique and radix-2 fast Fourier transform (FFT), respectively. With
a different focus, [10] and [11] design their prototype filters by solving optimization problems
which minimize the PAPR. Instead of dealing with only one consideration, some works propose
their prototype filter design with multiple considerations taken into account. [12] proposes an
algorithm to jointly optimize the OOB radiation and transmission rate; [13] solves an optimization
problem that minimizes the OOB radiation while satisfying an NEF constraint; [14] minimizes
the approximate PAPR while considering the NEF and OOB radiation by solving an optimization
problem.
B. Low-complexity Transceiver Implementation
In order to achieve low-cost realizations of GFDM for real-world applications, the complexity,
which is defined as the number of complex multiplications (CMs) involved in both modulation
at the transmitter and demodulation at the receiver, of GFDM transceivers is of great importance.
Note that the complexity is closely related to the amount of computing resources consumed, the
data processing time an application takes, and the latency a user experiences. With the goal of
fast processing and low latency in next-generation wireless communications [15], low-complexity
transceiver implementation is a critical topic for GFDM researchers.
For transceiver design, it could focus on a single side (i.e., the transmitter or receiver side),
or it could jointly consider both transmitter and receiver sides.
The transmitter is mostly characterized by the transmitter matrix A. Although the matrix A
is fully determined once the prototype filter g is explicitly specified, the complexity involved in
obtaining the transmit sample vector x, which is equal to Ad, varies depending on the computing
process. The main reason is that the matrix A can be decomposed into various forms by using
techniques which transform a matrix into a cascade of smaller sparse matrices and therefore
reduce the complexity.
Unlike the transmitter, the receiver structure is more flexible and is constructed according to
the specifications of target applications. Among all types of receivers, linear receivers are the
ones that are commonly used for the low-complexity purpose, including the famous zero forcing
(ZF) receiver and linear minimum mean square error (LMMSE) receiver [2], [16]. ZF receivers
reverse the cascaded operations performed by the transmitter matrix A and the channel circulant
matrix H, featuring a lower complexity but a poorer performance. On the other hand, LMMSE
receivers require the statistics of noises to minimize the mean square error between the original
and estimated GFDM blocks, d and dˆ, resulting in a higher complexity but a better performance.
Based on the above guidelines and other advanced techniques, there are plenty of low-
complexity transceiver schemes proposed for a more efficient implementation. Several works
focus on the receiver side. [17] and [18] reduce the receiver complexity by employing frequency
6domain processing. In addition, different techniques have been adopted to achieve low-complexity
receiver implementation, such as sparsification and block diagonalization [19], Taylor series and
conjugate gradient [20], and tabu search [21]. Differently, some works focus on the transmitter
side, such as [22] reducing the transmitter complexity with the technique of subcarrier-wise
DFT. Combining both transmitter and receiver sides, several low-complexity schemes have been
proposed over the whole transceiver. [23] reduces the complexity of both the transmitter and
receiver by taking advantage of the sparsity in modulation and the block circulant property in
demodulation. Unitary transmitter matrices are adopted in [24] for low-complexity transceiver
implementation. In [25], only partial subcarriers are allocated in order to reduce the complexity
of the whole transceiver.
C. Symbol Detection Algorithms
Apart from conventional demodulation processes (e.g., linear receivers), there are a variety of
algorithms which can be adopted to provide the estimated GFDM block dˆ, and these algorithms
are often called symbol detectors.
One of the largest differences between conventional demodulation processes and symbol
detection algorithms is the tradeoff between complexity and performances. Conventional demod-
ulation processes suffer from a higher complexity but provide a (statistically) better performance,
while symbol detection algorithms feature a lower complexity but offer an inferior performance.
Therefore, symbol detection algorithms are more suitable for applications where a large number
of subcarriers K and/or a large number of subsymbols (within a subcarrier) M are used and the
complexity of conventional demodulation processes is prohibitively high.
Particularly, symbol detection algorithms work for multiple-input-multiple-output (MIMO)
systems, where multiple transmitters and multiple receivers are used to provide a benefit of
both diversity gains (due to the multiple paths created in the system) and multiplexing gains
(due to the spatial correlations between transmitters or between receivers) [26]. Note that the
combination of MIMO and GFDM (i.e., MIMO-GFDM) often leads to a large block size where
conventional demodulation processes become infeasible and only symbol detection algorithms
work (despite the sub-optimal performance).
Several symbol detection algorithms have been adopted for GFDM in the existing literature.
For instance, [27] and [28] use orthogonal approximate message passing (OAMP) and deep
convolutional neural networks (CNNs) to achieve GFDM symbol detection. A couple of symbol
detection algorithms have been employed for MIMO-GFDM systems, such as the Markov
chain Monte Carlo (MCMC) algorithm [29], MMSE sorted QR-decomposition (SQRD) with
sphere decoding (SD) [30], expectation propagation (EP) [31], and MMSE parallel interference
cancellation (PIC) [32].
7III. NON-IDEAL ISSUES OF GFDM
Within a synthetic simulated environment, we can evaluate the performance limit of a com-
munication system over an ideal case. However, in real-world applications, there are a variety of
non-ideal issues that deteriorate the performances of a communication system. Accordingly, the
performances of a communication system in practical use are expected to be worse than those
observed in the ideal case, which provides an upper bound of performances.
In the following, we investigate the effects and possible solutions of three typical non-ideal
issues, including synchronization issues, channel estimation, and I/Q imbalance compensation,
of GFDM.
A. Synchronization Issues
Figure 3: An illustration of occurrence of synchronization errors (red dashed box indicates the additional block
compared with Fig. 2).
In the ideal case, a perfect synchronization is assumed at the GFDM receiver, where the
demodulation process works. However, in practical use, there are plenty of factors that cause
a synchronization error, which leads to a subcarrier/subsymbol misalignment at the receiver
and thus significantly increases the error rate [33], [34]. An illustration of the occurrence of
synchronization errors is as shown in Fig. 3.
Basically, there are two types of synchronization errors, including symbol time offset (STO)
and carrier frequency offset (CFO), which correspond to the asynchronization in time domain and
frequency domain, respectively [2]. The main reasons of their occurrence include the Doppler
effect caused by the mobility of users and the multipath effect caused by the obstacles in the
environment. In order to compensate the adverse effects of synchronization errors, it is critical
to estimate them. Typical approaches include a supervised estimation with the use of training
sequences and a unsupervised (blind) estimation with the use of statistical methods.
8A more complicated scenario happens in an uplink multiuser system, where multiple users
transmit their data to the base station. In addition to synchronization errors, there is also multiuser
interference (MUI) that further deteriorates the demodulation performances. For this case, MUI
cancellation methods, which eliminate synchronization errors simultaneously, are essential.
Accordingly, a couple of schemes working on synchronization issues have been proposed. For
a supervised estimation of synchronization errors, different structures for training sequences have
been used, such as embedded midamble [35], scattered pilots [36], pseudo-circular preamble [37],
and partial employed subcarriers [38], where training symbols are put in the middle, a specific
position, the front, or all positions of a subcarrier, respectively. In addition, [39] proposes an
unsupervised (blind) estimation scheme which derives from the statistical maximum-likelihood
(ML) method. For an uplink multiuser system, synchronization errors and MUI need to be
jointly addressed. While [40] takes an approach of maximizing signal-to-interference ratio (SIR),
[41] adopts the techniques of weighted parallel interference cancellation (WPIC) and adaptive
interference cancellation filter (AICF).
B. Channel Estimation
Figure 4: An illustration of channel estimation (red dashed boxes indicate the additional blocks compared with Fig.
2).
Within an ideal environment, the full channel state information (CSI) about the channel vector
h is assumed to be known at the GFDM receiver (which is called Genie-aided condition).
However, actually the CSI is hardly known in advance, i.e., such information is seldom a prior
knowledge, in real-world applications.
Since the receiver is built upon the knowledge of CSI, the channel estimation is an essential
step before the demodulation process takes place. An illustration of channel estimation is as
shown in Fig. 4. In order to achieve channel estimation, we require the pilots, which are symbols
with fixed values that are generated for the estimation purpose, be contained in the GFDM block
d. Specifically, we create a concatenation of two subvectors, including the pilot vector dp which
represents the pilots for channel estimation and the data vector dd which represents the data
9symbols to be transmitted, and permute it with a permutation matrix P (which is equivalent to a
linear combination of dp and dd), generating the resulting GFDM block d, i.e., d = P[dTp d
T
d ]
T .
As a non-orthogonal waveform, GFDM suffers from potential ICI (which can be avoided
if ICI-free prototype filters are used, e.g., the Dirichlet filter) and inherent ISI, resulting in a
unique challenge for channel estimation. In order to deal with the effects of interference, the pilot
structure and channel estimator design become the main focuses of GFDM channel estimation.
There exist various pilot structures that can be adopted for GFDM channel estimation, including
scattered pilots where pilots are evenly scattered throughout the block, preamble/postamble pilots
where pilots are in the front/back of the subcarrier, and pilot subcarriers where all positions of
selected subcarriers are reserved for pilots. Besides, there are a variety of channel estimators
that one can choose from, including the famous linear channel estimators, e.g., the least square
(LS) estimator and LMMSE estimator.
Based on different pilot structures and channel estimators, a couple of schemes have been
proposed to achieve channel estimation. Several schemes work on scattered pilots, including
[42] adopting the matched filter as the channel estimator, and [43]–[45] performing channel
estimation with the use of the LMMSE estimator. In addition, [46] and [47] both employ linear
estimators (including the LS and LMMSE estimators), but selecting preamble/postamble pilots
and pilot subcarriers, respectively, as the pilot structures.
C. I/Q Imbalance Compensation
Figure 5: An illustration of occurrence of I/Q imbalance (red dashed box indicates the additional block compared
with Fig. 2).
Usually under an ideal setting, it is assumed that there is no RF impairment in GFDM circuit
implementation. Nonetheless, RF impairments, such as phase noises occurring at the receiver,
are inevitable issues when it comes to real-world applications.
From an economic perspective toward the design of next-generation wireless communications,
direct-conversion transceivers are an appealing option due to its decent properties such as small
size, low cost, and low energy consumption (low power) [48], [49], involving only a single mixing
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stage. However, there are several RF impairment issues regarding direct-conversion transceivers,
and one of them is the I/Q imbalance, which indicates the misalignment (in amplitudes and/or
phases) between the in-phase and quadrature paths over the circuit implementation. An illustration
of the occurrence of I/Q imbalance is as shown in Fig. 5.
In order to address I/Q imbalance, it is critical to estimate its level and design the corresponding
I/Q imbalance compensation schemes. A couple of works have proposed their schemes about
analyzing and compensating the effects of I/Q imbalance. In [50], the authors analyze the I/Q im-
balance of GFDM under Weibull fading, which is a statistical model for wireless indoor/outdoor
channels. In order to compensate I/Q imbalance, [51] and [52] propose a supervised scheme with
the use of training sequences and a unsupervised (blind) scheme adopting statistical methods,
respectively, to estimate the level of I/Q imbalance.
IV. GFDM-BASED COGNITIVE RADIO AND FULL-DUPLEX RADIO
Due to its decent properties such as low OOB radiation and low PAPR, GFDM is a promising
solution to many applications required in next-generation wireless communications. Among all
potential applications, we investigate two of them, including the cognitive radio and the full-
duplex radio, which serve as a remedy for the scarcity of bandwidth resources and the congestion
in the frequency band.
Cognitive radio is a technique of dynamic bandwidth resource management, where unlicensed
opportunistic users (also known as secondary users) detect unused channels (which are not oc-
cupied by their licensed primary users) and access them, resulting in a higher spectral efficiency.
The critical challenges of the cognitive radio include the OOB radiation and ICI, which are
caused by secondary users and affect the primary users in adjacent channels. In this context,
GFDM is suitable for cognitive radio since it features low OOB radiation and its ICI can be
eliminated with interference cancellation techniques or with the use of ICI-free prototype filters
(e.g., the Dirichlet filter). Recent research about GFDM-based cognitive radio mainly focuses
on further reduction of OOB radiation and interference cancellation techniques.
Full-duplex radio is a duplex technique which allows the simultaneous mutual transmission and
reception between two devices in a point-to-point communication, featuring a doubled system
capacity and a higher spectral efficiency due to the feasibility of bidirectional communication. The
key challenge of full-duplex radio is the self-interference, where the transmission and reception
processes interfere the operations of each other due to the signal leakage resulting from the
deficiency of RF circuits. Although GFDM suffers from inherent ISI, its nice characteristics
such as low OOB radiation and low PAPR still make itself an appealing choice for full-duplex
radio, since these two characteristics mitigate the design complexity of RF circuits. The main
focus of recent research about GFDM-based full-duplex radio is the self-interference cancellation
techniques.
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Combining both cognitive radio and full-duplex radio, the full-duplex cognitive radio integrates
the advantages and limits of two radio schemes, featuring an ultra-high spectral efficiency but
facing challenges such as the OOB radiation and self/adjacent interference. Full-duplex cognitive
radio is a rather new concept for GFDM, and the research about GFDM full-duplex cognitive
radio is around the problems derived from the combination of two radio schemes.
In the existing literature, there are several works dedicated to the realizations of GFDM-based
cognitive radio and full-duplex radio. Focusing on GFDM-based cognitive radio, [53] and [54]
cancel the ICI with a double-sided serial interference cancellation technique and by inserting
additional subcarriers, respectively. Moreover, several related issues such as the detection of
unused spectrum [55], experimental testbeds [56], and power allocation along with PA non-
linearity alleviation [57] have been addressed over the past years. For GFDM-based full-duplex
radio, both [58] and [59] deal with the self-interference cancellation when non-ideal issues such
as synchronization errors and I/Q imbalance are present. Extended from [58] and [59], the authors
of [60] focus on the self/adjacent interference cancellation of GFDM-based full-duplex cognitive
radio in the presence of non-ideal issues.
V. CONCLUSION
In this paper, we present a systematic overview of GFDM, covering three main topics: GFDM
transceivers, non-ideal issues of GFDM, and GFDM-based cognitive radio and full-duplex radio.
For GFDM transceivers, we provide a brief review on the GFDM system model and introduce
their essential components, which consist of prototype filter design, low-complexity transceiver
implementation, and symbol detection algorithms. In addition, we investigate non-ideal issues of
GFDM, including synchronization issues, channel estimation, and I/Q imbalance compensation.
Lastly, we study the applications of GFDM-based cognitive radio and full-duplex radio, pointing
out the research challenges and recent advancements involved.
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